Abstract An activated sludge/biofilm hybrid process treating municipal wastewater was studied in pilot plant trials. A new type of suspended carrier, with large effective surface area, was employed in the process with the aim of enhancing nitrification. The pilot plant was operated for 1.5 years in five different configurations including pre-denitrification in all five and enhanced biological phosphorus removal in the final two. The wastewater temperature ranged between 11°C and 20°C, and the nominal dissolved oxygen (DO) level was 5-6 mg/L. The nitrification rate obtained on the new carrier within the hybrid stage was in the range of 0.9-1.2 g NH 4 -N/m 2 /d corresponding to a volumetric rate of 19-23 g NH 4 -N/m 3 /h (total nitrification including nitrification in the suspended solids). More than 80% of the total nitrification took place on the carrier (and the remainder in the suspended solids). The nitrification rate was shown to correlate with DO, decreasing when the DO was decreased. The results supported the idea of using the new carrier as a tool to upgrade plants not having nitrification today or improve nitrification in activated sludge processes not reaching necessary discharge levels. The large surface area present for nitrification makes it possible to obtain high nitrification rates within limited volumes. The possibility to keep the total suspended solid content low (< 3 g/L) and avoiding problems with the filament Microthrix parvicella, are other beneficial properties of the hybrid process.
Introduction
The hybrid process, utilising both suspended and attached growth within the same reactor, is an economically attractive solution, when activated sludge processes need to be upgraded for enhanced nitrogen removal. Nitrification takes place mainly in the biofilm whereas BOD removal, denitrification and enhanced biological phosphorus removal (EBPR) take place in the suspended sludge. Since long sludge age for nitrification is kept in the biofilm, the sludge age of the activated sludge can be kept short, making it possible to obtain nitrogen removal in much smaller volumes than for a conventional activated sludge plant. A short sludge age has the added benefit of higher specific carbonaceous activity (Chunju et al., 2003) and excludes growth of filaments thriving at longer sludge ages.
Although the hybrid process has been known for many years, the number of full-scale plants is still low. Most hybrid plants use immobile carriers such as blocks with vertical tubes of different shapes, ropes with plastic rings, plastic grids, rotating plastic discs and corrugated PVC plates (Chudoba and Pannier, 1994; Su and Ouyang, 1996; Jones et al., 1998; Müller, 1998) . Mobile carriers, such as plastic cylinders with cross sections, plastic rings, plastic beads and sponge cubes, usually have higher specific surface area, which is an advantage in terms of nitrification. The total nitrification activity is very much dependent on the available effective surface area, with higher nitrification activity with increased area per unit volume. The carrier should be designed in such a way so as to prevent the harbouring of excessive numbers of grazing organisms. High numbers of Tubifex worms gave significantly reduced nitrification in a hybrid pilot plant trial when cylinder shaped carriers with 24 plates (Ø = 60 mm) were used (Watts et al., 2000) . The carrier should also show good mixing pattern and low diffusion limitations of oxygen and ammonia. To meet these criteria, a newly developed suspended carrier was studied in a hybrid pilot trial in order to determine nitrification efficiency and overall plant performance.
Methods

Biofilm carrier
The suspended carrier had a flat octagonal shape filled with squares (Table 1) . The side walls within the squares make up the effective protected surface area adding up to 900 m 2 /m 3 media (random fill). The hybrid reactor (800 litre) had a 43% filling degree giving a total area of 308 m 2 . The carrier was kept suspended by means of a coarse bubble aeration system.
Pilot plant operation
The hybrid reactor was one of several reactors in the pilot plant operated for 1.5 years on domestic wastewater (primary effluent) at the Källby wastewater treatment plant in the city of Lund, Sweden. The operation was divided into five time periods according to the different modes of pilot plant set-up.
The start-up configuration of the pilot plant (first time period, days 0-49) consisted of three reactors (stages) and a clarifier according to Figure 1a . The first reactor was an 800 litre anoxic stage, the second reactor was an 800 litre aerobic stage without any plastic media followed by the hybrid reactor (800 litres) and a clarifier. Settled sludge from the conical shaped clarifier (1.5 m 3 ) was returned to the first anoxic stage at a rate of approximately 1.5 Q. No further internal recirculation of nitrified water was applied. In the second time period (days 49-125), the aerobic volume preceding the hybrid stage was decreased from 800 to 400 litres. In the third time period (days 125-301) the aerobic stage was converted into an anoxic stage (400 litres). In the fourth time period (days 301-425) an anaerobic reactor stage was added in order to initiate EBPR. The operation mode followed the modified University of Cape Town (UCT) process (Figure 1b) . The clarifier was exchanged from a conical shaped clarifier without scraper to a cylindrical clarifier with scraper. External carbon source was added as acetic acid into the anaerobic stage starting on day 377 (40 mg HAc/L) to enhance EBPR activity. In the last time period, the fifth period (days 425-515), the anaerobic volume was increased from 400 litres to 800 litres. Addition of external carbon source (HAc) was continued throughout the period. Samples were collected (as grab samples) several times a week and analysed for COD, BOD 7 , total-N, NH 4 -N, NO 3 -N, NO 2 -N, total-P, PO 4 -P, TSS and VSS according to Standard Methods (1995) . Operative parameters were determined (DO, temperature, flows, excess sludge) and the sludge was characterised microscopically.
Determination of nitrification rates
Nitrification rates for the hybrid stage were estimated from measurements of NH 4 -N and NO 3 -N into and out from the hybrid stage, and mass balances. In order to determine the nitrification rate in the biofilm on the carrier, analysis of the nitrification rate of the suspended biomass was performed. For the first and second time periods, it was possible to obtain values for the nitrification in the sludge phase by mass balances of the NH 4 -N and NO 3 -N over the aerobic reactor preceding the hybrid stage. However, for the third, fourth and fifth periods, nitrification batch experiments were performed where sludge taken out from the preceding anoxic stage was aerated and the NH 4 -N and NO 3 -N analysed. The DO was kept at 5.0 mg/L (±0.5) and the temperature was recorded throughout the batch experiments. The temperature was kept at the same level as in the pilot plant. The obtained nitrification rate in the batch experiment (g N/kg VSS/h) was assumed to be representative of the rate in the sludge phase in the hybrid stage. Any deviation in temperature in the batch experiment compared to the temperature in the hybrid stage led to a correlation of the nitrification rate according to Henze et al. (1995) . Nitrification batch experiments were performed once a month and the nitrification rates between two experiments were estimated by linear correlation of the rates towards time.
Results and discussion
The wastewater (Table 2) showed typical characteristics of municipal primary effluent found in Scandinavia, but with slightly higher content of suspended solids. In comparison with other parts of the world, domestic wastewater in Scandinavia is weaker in organic content.
Influent flow (Q) was kept in the range of 500-700 L/h giving a hydraulic retention time in the hybrid reactor of 72-90 minutes. The sludge return was kept at 1.5 Q for the first three time periods and decreased to Q in the fourth and fifth time periods. In addition, the internal recirculation of nitrified water applied in the fourth and fifth time periods decreased the actual hydraulic retention time in the hybrid stage down to as short as 18 minutes (average time period 4). The total treatment time in the pilot plant (not including the retention time in the clarifier) ranged from 3 hours (time period 3) to 5 hours (time period 5). The temperature in the pilot plant varied with the season from 11°C to 20°C. The first time period was the start-up and adaptation phase of the hybrid process. Low levels of dissolved organic matter (SCOD < 40 mg/L) into the hybrid stage made it possible to reduce the preceding aerobic volume from 800 to 400 litres. The observed nitrification rates on the carrier were consistent throughout the study taking DO and temperature into account. The rates per reactor volume were between 19-23 g NH 4 -N/m 3 /h at DO = 5-6 mg/L and temperature 13°-20°C (Table 3) . Around 85% of the nitrification activity took place on the suspended carrier corresponding to 0.9-1.2 g N/m 2 /d. The remaining 15% of the nitrification in the sludge phase was most probably due to biofilm sloughing off from the carriers. The nitrification rates per surface area correlated well to values obtained with Kaldnes carrier (K1) used in another hybrid pilot plant (Rusten et al., 2003) , and also to nitrification in MBBR™ systems (Rusten et al., 1995) .
Influence of dissolved oxygen on nitrification rates
In the second time period the influence of DO in the hybrid stage on the nitrification rate on the carrier was studied. Reducing the DO content in the hybrid from 4.8 to 1.9 mg/L over one day resulted in a drop from 1.13 down to 0.36 g NO 3 -N/m 2 /d production. Increasing the DO up to 4.5 mg/L again gave 1.06 g NO 3 -N/m 2 /d (Figure 2a ). Varying the DO between 2 and 6 mg/L on different days revealed a strong correlation between nitrification rates and DO (Figure 2b) . Some of the lower values below the trend line refer to values where all the NH 4 -N was consumed giving a lower nitrification rate due to NH 4 limitation. Dissolved oxygen mg/L Prod. NO3-N g/m2/d Prod. NO3-N g/m2/d Figure 2 Nitrification rate on the carrier at different dissolved oxygen concentrations (nitrification in the activated sludge is withdrawn). a) One-day experiment where the airflow to the hybrid reactor was changed and a mass balance of nitrate over the hybrid reactor was determined. Samples were taken 1.5 hours after a change in the airflow in order to establish steady state. Temperature was 18°C. b). Nitrification rates obtained on different days with different DO Temperature dependence DO is influencing the nitrification rate more in biofilm systems than in suspended growth systems. When the temperature is decreased the oxygen is more readily dissolved in water, whereas when the temperature is increased less oxygen is dissolved. Thus, in a biofilm system with constant flow of air, the nitrification rate may be very little affected when the temperature is decreasing, since the higher DO level obtained at lower temperatures compensates for the effect of the lower temperature. A higher DO level results in deeper penetration of oxygen in the biofilm resulting in a larger mass of active nitrifiers. Thus, a decrease in growth rate when the temperature drops does not give the same order of decrease in nitrification rate within a biofilm system. The influence of the temperature on the nitrification rate on the carrier obtained throughout the study is shown in Figure 3 . The values were taken from different time periods independent of the operation mode. Only values where the DO was between 4.5 and 7.4 mg/L (average DO = 5.5 mg/L) were included. Furthermore, values with NH 4 -N limitation (0.6 mg NH 4 -N/L in effluent) were omitted. It can be be seen that the temperature did not influence nitrification rate significantly at constant DO. However, despite scattered values, a slight decrease of nitrification rate with lower temperature with a temperature factor of approximately 1.04 was observed. Thus, the weak influence of temperature on nitrification rate favours this integrated biofilm system as a nitrogen removal process in cold climates.
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Denitrification rates
The denitrification rates, determined by mass balances over each anoxic reactor, were high (Table 3) . Keeping the sludge content low and having a relatively high proportion of the biological reactor system unaerated (only 29% aerated in the fifth time period) seem to favour high denitrification activity. Further, from day 377, acetic acid was added to the anaerobic stage. The denitrification rate dropped significantly in the second anoxic stage (when present) indicating less easily biodegradable carbon sources available.
Effluent characteristics
The effluent BOD 7 and COD were low throughout the study (Table 4) with high carbonaceous activity of the sludge. The ammonia reduction was good, but the total nitrogen in the effluent was still high. However, the main focus of the present investigation was nitrification rates on the carrier and, in order to prevent ammonia limitation, the pilot plant was operated with excess ammonia in the effluent on purpose. Still, some of the rates measured in the fifth period appeared to have been lower due to ammonia limitations. A relatively high total suspended solid content, average of 20-25 mg/L, was present in the effluent. Denitrification activity where the production of nitrogen gas raised the sludge flocs to the surface was observed in the clarifier. Enhanced biological phosphorus removal EBPR is not readily achievable in a pure biofilm process such as the Moving Bed™ biofilm reactor process, but could be integrated into a hybrid process. To verify this potential, an anaerobic stage was added to the process line in time periods four (400 litres) and five (800 litres). The influent wastewater was low in volatile fatty acids (VFA) present as HAc only, with an average of 23 mg HAc/L, and no significant EBPR-activity was observed after 2 months of operation. The addition of acetic acid on day 377 (period 4) did not improve the phosphorus removal (Table 4 ). The short hydraulic retention time in the anaerobic stage (39 minutes based on influent flow or 17 minutes taking internal recirculation into account) and the low TSS content (1.2 g TSS/L) in this stage were thought to be the reason for the low EBPR activity. The nitrate concentration of the recirculation flow from the first anoxic stage into the anaerobic reactor was low (average of 0.8 mg NO 3 -N/L), thus any negative influence due to nitrate should have been negligible.
The anaerobic hydraulic retention time was therefore prolonged by doubling the volume and decreasing the influent flow giving an anaerobic hydraulic retention time of 1.5 hours. This increase in retention time dramatically improved the EBPR. The uptake of acetic acid in the anaerobic stage resulted in a release of phosphate corresponding to 2.3 g HAc (as COD)/g P, which is a value close to the ratio of 2.1 g HAc (as COD)/g P released observed in other full-scale as well as laboratory enrichment studies (Smolders et al., 1994; Lie et al., 1997; Christensson et al., 1998) . The effluent concentration of acetic acid from the anaerobic stage was also low (average of 7 mg HAc/L), confirming that the acetate was taken up.
The improved EBPR was clearly seen in the effluent values with an average total P-content (dissolved) of 0.32 mg P/L (Table 4) . From mid of the fifth period to the end a declining trend could be seen especially for the released phosphate in the anaerobic stage, but also the effluent P value increased over time indicating decreased enhanced biological phosphorus activity. Also the P content in the sludge decreased from about 70 mg P/g VSS down to around 50 mg P/g VSS. The average P content over the fifth period was 62 mg P/g VSS. The reason for the declining EBPR could be due to the decreasing dosage of acetic acid from 40-48 mg HAc/L at the beginning of the period down to the dosage range of 30-38 mg HAc/L at the end of the period, in combination with some decrease in COD-content of the wastewater. However, it could also be due to an increase of glycogenaccumulating organisms (GAO), bacteria competing with the polyphosphateaccumulating organisms (PAO) for the VFA but without taking up any phosphate in excess. Even if acetate is generally accepted to be a suitable carbon source for the PAO, a report from full-scale trials has indicated that GAO have a competitive advantage to use acetate (Thomas et al., 2002) . It was observed that an increase in acetic acid dose did not always produce a corresponding improvement in phosphorus removal. The sludge volume indices were high (Table 5 ), but the settling in the clarifier of the pilot plant was not a problem in terms of any rising sludge blanket. However, smaller flocs rose to the surface probably due to denitrification activity in the clarifier. The sludge volume index could not really be justified from microscopic investigations. The number of filaments was moderate and the same throughout the study (index 3 on the 6 grade scale of Jenkins et al., 1993) . The filaments were short with attached growth and did not create any network typical of bulking sludge. Quite on the contrary, the problematic filament Microthrix parvicella was not found in the hybrid process but was commonly found in the full-scale activated sludge plant and in another pilot-plant operated on the same wastewater where it gave rise to bulking sludge. The short aerobic sludge age in the hybrid process is a likely reason for Microthrix parvicella not being present. The floc sizes were slightly smaller, 150-250 µm, than normally found in activated sludge processes. In the beginning of the fifth time period, when the highest P-content in the sludge was obtained, the number of round clusters of bacteria, similar to bio-P bacteria, made up a quarter of the biomass. Studies of the carriers under a stereo microscope revealed plenty of attached biofilm. However, the small squares were not totally filled with biomass. Thus, dissolved oxygen likely reached a large part of the biofilm. Stalked ciliates were commonly found on the carrier (1,800/cm 2 ), but not in excessive amounts. No worms were found on the carrier possibly thanks to its thin design.
Conclusions
The results of this trial have demonstrated the hybrid process with the new carrier to be a very efficient and compact process for extended nutrient removal. Carbon, nitrogen and phosphorus were removed in this process to a high degree. In the aerated hybrid stage, nitrification rates on the carriers in the range of 0.9-1.2 g NH 4 -N/m 2 /d corresponding to a volumetric rate of 19-23 g NH 4 -N/m 3 /h (total nitrification including nitrification in the suspended solids) were obtained. More than 80% of the total nitrification took place in the biofilm on the carriers (and the remainder in the suspended solids).
EBPR was successfully combined with nitrogen removal according to the modified UCT process. However, a prerequisite of EBPR was addition of acetic acid and an anaerobic retention time of 1.5 h (based on influent flow). Total soluble phosphorus levels of below 0.3 mg/L could be obtained over a long time period, but there was a tendency towards declining EBPR activity at the end of the trial probably due to lack of easily biodegradable carbon sources.
The main advantage of the hybrid process in terms of sludge properties was the lack of the common filament Microthrix parvicella. There was a good growth of biofilm on the carrier, but the space in the squares was not totally clogged with biomass. Stalked ciliates were commonly found on the carrier, but the numbers were not much higher than what can sometimes be found in activated sludge. No worms, that could have reduced the nitrification rate, were present.
